Atopic asthma is a chronic inflammatory disease of the lungs generally marked by excessive Th2 inflammation. The role of allergen-specific IgG in asthma is still controversial; however, a receptor of IgG-immune complexes (IgG-ICs), FcγRIII, has been shown to promote Th2 responses through an unknown mechanism. Herein, we demonstrate that allergen-specific IgG-ICs, formed upon reexposure to allergen, promoted Th2 responses in two different models of IC-mediated inflammation that were independent of a preformed T cell memory response. Development of Th2-type airway inflammation was shown to be both FcγRIII and TLR4 dependent, and T cells were necessary and sufficient for this process to occur, even in the absence of type 2 innate lymphoid cells. We sought to identify downstream targets of FcγRIII signaling that could contribute to this process and demonstrated that bone marrow-derived DCs, alveolar macrophages, and respiratory DCs significantly upregulated IL-33 when activated through FcγRIII and TLR4. Importantly, IC-induced Th2 inflammation was dependent on the ST2/IL-33 pathway. Our results suggest that allergen-specific IgG can enhance secondary responses by ligating FcγRIII on antigen-presenting cells to augment development of Th2-mediated responses in the lungs via an IL-33-dependent mechanism.
Introduction
The World Health Organization estimates that 300 million people worldwide suffer from asthma, a chronic inflammatory disease of the lungs marked by recurrent episodes of airway hyperresponsiveness (1) . Asthma has heterogeneous phenotypes, but it is most commonly characterized by excessive Th2-driven inflammation and Th2 cytokines that mediate downstream events, including mast cell activation, eosinophilia, goblet cell hyperplasia, and airway remodeling (2) . Development of Th2 inflammation relies on stimulation from antigen-presenting cells (APCs), primarily DCs, which can direct differentiation into specific T cell lineages (3) . Th2 inflammation is characterized by the production of IL-4, IL-5, and IL-13, and it has been shown that IL-4 alone can induce potent Th2 differentiation in the absence of other cytokines (4) . In mice, IL-4 is critical for B cell isotype switching to IgE and IgG1 (5) . Several studies have supported a role for B cells in allergic lung diseases primarily via IgE and sensitization of mast cells (6) . However, IgE-deficient mice are still able to develop systemic anaphylaxis reactions after OVA sensitization and i.v. antigen challenge, suggesting that other pathways may also mediate allergic reactions (7) . One of the prime candidates put forth has been IgG antibodies (8) . Some studies have suggested that antigen-specific IgG has a suppressive effect by acting through inhibitory Fcγ receptors (FcγRs) and competing with IgE (9, 10) . Conversely, other studies have demonstrated a correlation between asthma susceptibility and increased IgG levels (11, 12) . Thus, the role of IgG in the initiation and perpetuation of allergic lung disease is still poorly understood and controversial.
Four FcγRs have been identified in mice that provide a critical link between IgG and cellular effector mechanisms, including phagocytosis, release of inflammatory mediators, and antibody-dependent cell-mediated cytotoxicity (13) . These FcγRs are divided into activating (FcγRI [also known as CD64], FcγRIII [also known as CD16], and FcγRIV [also known as CD16-2]) and inhibitory (FcγRIIb [also known as CD32b]) receptors (14) . Each FcγR has varying affinities for the 4 subclasses of IgG: IgG1, IgG2a, IgG2b, and IgG3 (15) . Of the activating receptors, FcγRI is known to bind to monomeric IgG with high affinity, while FcγRIII is efficiently engaged by IgG-immune complexes (IgG-ICs) (16, 17) . Previous work in our laboratory investigated the contribution of activating FcγRs in conjunction with a TLR4 stimulus in regulating Th2-dependent inflammatory responses, and this study identified a key role for FcγRIII on DCs in the development of optimal Th2 airway inflammation (18) .
In this study, we investigate the hypothesis that due to the presence of allergen-specific IgG in the airways of sensitized individuals, ICs would form upon secondary exposure to allergen, which, in turn, would promote Th2 mediated inflammation. Taken together with the fact that inhaled allergens can be contaminated with endotoxins, these 2 signals could augment Th2 inflammation in the lung during secondary responses (19) . Intriguingly, this hypothesis is supported by clinical studies that have shown increased IgG levels in the bronchoalveolar lavage (BAL) of patients with asthma due to increased leakage from the blood as well as increased local IgG production (20, 21) . Furthermore, other studies have identified allergen-specific ICs in the sera of allergic individuals (22) . These studies suggest that allergen-specific IgG may contribute to the augmentation of allergic airway inflammation during secondary exposure to an allergen. To test this hypothesis, a model was developed to study the effect of allergen-specific IgG independent of a memory T cell response.
Our findings indicated that when antigen uptake was induced by ICs via FcγRIII signaling compared with simple soluble antigen uptake, the stimulated APCs produced a differential gene expres-sion profile that included upregulation of IL33. IL-33, the most recently discovered member of the IL-1β family of cytokines, has been shown to act on Th2 cells, basophils, NK cells, iNKT cells, type 2 innate lymphoid cells (ILC2s), and mast cells to direct the development and expansion of Th2-mediated responses in vivo (23) . We further demonstrated that this model of IC-mediated Th2 inflammation was T cell dependent and could occur in the absence of ILC2s. Our findings that previous sensitization and the presence of antigen-specific IgG dramatically change the response of APCs could help contribute to an evolving paradigm for the expansion and development of pathological Th2 inflammation.
Results

IC signaling through FcγRIII promotes Th2 responses.
Our previous investigation demonstrated that when TLR4-stimulated DCs received an additional activating signal through FcγRIII, there was an augmentation in their ability to promote Th2 responses (18) . Taken together with the clinical finding that patients with asthma or allergies had allergen-specific IgG in the airways, we hypothesized that secondary exposure to inhaled allergens may lead to IC formation. In the presence of a TLR4 signal, these allergen-specific ICs could then provide the signal through FcγRIII needed to heighten Th2 responses. To test this hypothesis, a model was developed to study the effect of allergen-specific IgG independent of a memory T cell response. Using ovalbumin (OVA) as the model antigen, it was first assessed whether antigen-specific IgG1 could be detected in the airways after injection of OVA-specific sera (α-OVA). OVA-specific IgG1 antibodies were detected in the BAL as soon as 24 hours after i.v. administration of α-OVA (Figure 1A) . This finding suggested that antigen-specific IgG would be in a position in which it could encounter inhaled antigens and form ICs. Next, we developed a passive transfer model to test the effect of allergen-specific IgG in the absence of a secondary response. α-OVA or α-OVA that is IgG depleted (α-OVA depl ) was injected i.v. into mice followed by an OVA intratracheal (i.t.) sensitization the next day; 1 week later, animals were challenged with 3 OVA i.t. administrations ( Figure 1B ). After challenge, there was a striking increase in eosinophils and CD4 + T cells in the BAL of WT (C57BL/6) mice that had received α-OVA, with similar results obtained in an analysis of the lung cellular composition ( Figure  1C and data not shown). Histological examination of the murine lungs showed that passive transfer of OVA-specific antibodies resulted in an influx of inflammatory cells that was not seen in the mice that had received α-OVA depl ( Figure 1D ). To ensure that the effects being seen were not due to an artifact of the antibodies being generated in a rabbit, the experiment was also performed using OVA-specific mouse sera. Sera from unimmunized mice was used as a control. Only the WT mice that had received OVA-specific mouse sera developed inflammation, with an increase in eosinophils and CD4 + T cells in both the BAL and lungs ( Figure 1E and data not shown). The data demonstrate increased inflammation in the presence of circulating antigen-specific IgG and point to a critical role for antigen-specific IgG in the development of airway inflammation upon challenge.
Notably, the Fcgr3 -/-mice that received an i.v. injection of α-OVA did not develop augmented airway inflammation. The cellular composition of the BAL indicated a significant decrease in the numbers of eosinophils and CD4 + T cells compared with those in WT mice treated with α-OVA ( Figure 1C) . Overall, the numbers of cells in the Fcgr3 -/-mice were comparable in both treatment groups, and the histology from the Fcgr3 -/-mice treated with α-OVA lacked inflammatory cell infiltrates ( Figure 1D ). As FcγRIII is efficiently activated by IgG1-ICs, the findings in the Fcgr3 -/-mice confirm an important contribution for FcγRIII ligation in the development of Th2-type responses.
Our previous study found that signaling through FcγRIII diverted the TLR4 signal on DCs such that the resulting Th1 response was minimized and the Th2 response was augmented (18) . To determine whether the in vivo passive transfer model was also TLR4 dependent, since endotoxin is present in the OVA, we repeated the model in the Tlr4 -/-mice. Compared with the WT mice that had received α-OVA, the Tlr4 -/-mice had decreased numbers of eosinophils and CD4 + T cells in the BAL ( Figure 1F) . Thus, the development of IC-mediated inflammation in the lungs is dependent on both FcγRIII and TLR4.
Since the previous model did not allow us to directly assess the role of ICs in allergic airway inflammation, it was important to address whether or not ICs alone could promote local Th2 responses in an FcγRIII-dependent manner. OVA-IC was formed by incubating OVA with α-OVA, while OVA was made by incubating OVA with α-OVA depl as a control. WT or Fcgr3 -/-mice were repeatedly challenged every other day with OVA or OVA-IC i.t. over a 2-week period in our local instillation model (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/ JCI63802DS1). With this model, there were increased numbers of eosinophils and CD4 + T cells in the BAL of WT mice challenged with OVA-IC (Supplemental Figure 1B) . Repeated challenges with OVA were not enough to lead to the development of airway inflammation, highlighting the importance of ICs in this process. As seen in the passive transfer model, this process was dependent on FcγRIII, and neither the numbers of eosinophils or T cells, nor the histology exhibited increased inflammation in the Fcgr3 -/-mice (Supplemental Figure 1 , B and C). Collectively, the findings indicate that antigen-specific IgG and FcγRIII can contribute to the development of a potent Th2 inflammation during secondary responses.
IC-mediated Th2 inflammation is dependent on the presence of T cells but not ILC2s. Recently, it has been found that many models of Th2-type inflammation do not require T cells for induction of the inflammatory response but are instead dependent on ILC2s that produce IL-5 and IL-13 after stimulation (24, 25) . To determine whether IC-mediated inflammation was dependent on adaptive immunity, the passive transfer model was performed in Rag -/-mice. There was no significant increase in total cell numbers or eosinophil numbers in the BAL when comparing the Rag -/-mice that had received α-OVA depl and those that had received α-OVA, and both of these values were significantly lower than those in the WT mice that had received α-OVA (Figure 2A ). The decreased inflammatory response was also noted on histology, as the α-OVA-treated Rag -/-mice lacked inflammatory cell infiltrates around the airways and vasculature ( Figure 2B ). To determine whether T cells were specifically required for the induction of the Th2-type response in our model, WT nylon wool nonadherent T cells were adoptively transferred into naive Rag -/-mice 2 days prior to the injection of the anti-OVA sera. Transferring in T cells restored airway inflammation, with a significant increase in the number of total cells and eosinophils in the BAL ( Figure 2C ). Interestingly, there was also a significant increase in the number of ILC2s (gating strategy in Supplemental Figure 5A ) found in the lungs of the mice that had received T cells, suggesting that Th2-mediated inflammation can affect the ILC2 response ( Figure 2C ).
Figure 1
The presence of circulating antigen-specific IgG promotes Th2-mediated inflammation upon exposure to inhaled antigen. (A) ELISA analysis of the BAL for α-OVA IgG1 after an i.v. injection of α-OVA into WT mice. At least 5 mice per time point were used. For the box-and-whisker plot, the median is shown as the line in the box, the box represents the 25th-75th percentile, and the whiskers represent the entire range of data from the minimum to maximum. (B) Time line of the passive transfer model. α-OVA depl or α-OVA was administered i.v. to naive mice. On days 1, 8, 9, and 10, the mice were challenged i.t. with OVA. On day 11, the mice were sacrificed. Airway inflammation was assessed by determining (C) the number of eosinophils and CD4 + T cells in the BAL by flow cytometry and (D) by representative H&E-stained sections of lung tissue from treated WT and Fcgr3 −/− mice. Scale bars: 100 μm. (E) Airway inflammation was assessed in WT mice that had received control or α-OVA mouse serum by determining the number of eosinophils and CD4 + T cells in the BAL. (F) Airway inflammation was assessed in WT and Tlr4 -/-mice by determining the number of eosinophils and CD4 + T cells in the BAL. (C-F) The combined data represent at least 2 independent experiments, with a total of at least 6 mice analyzed per group. Symbols represent individual mice, horizontal bars indicate the mean, and error bars indicate SEM (**P < 0.01; ***P < 0.001).
To determine whether ILC2s were also necessary for the development of the inflammatory response in the passive transfer model, T cells were transferred into Rag -/-Il2rg -/-mice prior to administration of anti-OVA sera; these mice are deficient in adaptive immune cells and innate lymphoid cells, including ILC2s (26) . One group of the Rag -/-Il2rg -/-mice received WT T cells, while the other group received only the vehicle control. As in the Rag -/-mice, reconstitution with T cells restored the inflammatory response in the ILC2-deficient Rag -/-Il2rg -/-mice ( Figure 2D ). It has been demonstrated that ILC2s can be found in the draining lymph node (dLN), but when we analyzed our nylon wool nonadherent T cell preparation, 0.002% of cells were Lin -Sca-1 + ICOS + ST2 + (Supplemental Figure 5B ). Furthermore, we did not see a repopulation of ILC2s in the Rag -/-Il2rg -/-mice that had received nylon wool nonadherent T cells (Supplemental Figure 5C ). Thus, while T cells were necessary for the induction of IC-mediated Th2-type inflammation, the response could occur in the absence of ILC2s.
IC signaling through FcγRIII on APCs significantly upregulates IL-33 expression.
We next sought to identify downstream targets of FcγRIII signaling that could contribute to this process. We focused on DCs because it has been well established that DCs play a critical role in regulating Th cell differentiation that can affect development of airway inflammation (3). To address this question, we performed a microarray analysis on WT and Fcgr3 -/-bone marrow-derived DCs (BMDCs) treated overnight with OVA or OVA-IC. The data from the microarray (not shown), which were confirmed by quantitative PCR (qPCR), highlighted Il33 as the most significantly upregulated gene upon OVA-IC treatment in WT BMDCs ( Figure 3A) . While there was a modest increase in Fcgr3 -/-BMDCs treated with OVA-IC, it was significantly lower than that in treated WT BMDCs ( Figure 3A) . Further, IL-33 protein was produced by WT BMDCs treated with OVA-IC, but Fcgr3 -/-and Il33 -/-BMDCs failed to produce detectable levels of IL-33 protein ( Figure 3B ). Finally, treatment of Tlr4 -/-BMDCs with OVA-IC did not lead to increased IL-33 expression (Supplemental Figure 2A) . Thus, DCs can produce IL-33 after stimulation of FcγRIII in the presence of TLR4 signals, thereby suggesting that IL-33 may contribute to IC-mediated Th2 inflammation.
We next sought to determine whether respiratory APCs could be induced to upregulate IL-33 as seen with BMDCs. Alveolar macrophages (AMs; CD11c + SSC int/hi MHC II + ) and respiratory DCs (rDCs; Figure 1B , and airway inflammation was assessed by determining the total number of cells and eosinophils in the BAL. The data are combined from 3 independent experiments, with a total of at least 8 mice analyzed per group. Symbols represent individual mice, horizontal bars indicate the mean, and error bars indicate SEM (**P < 0.01; ***P < 0.001).
CD11c + SSC lo MHC II -/+ ) were identified using the gating strategy outlined in Kim et al. (27) and shown in Supplemental Figure 4 . To assess the effect of FcγRIII signaling by ICs on IL-33 upregulation, WT or Fcgr3 -/-mice were challenged i.t. with OVA or OVA-IC. Three hours after instillation, AMs and rDCs were sorted from the treated mice since both populations expressed FcγRIII ( Figure 3C ). OVA-IC i.t. instillation led to an increase in Il33 mRNA expression in both AMs and rDCs, which was not seen in the Fcgr3 -/-AMs and rDCs, suggesting that upregulation of IL-33 was, in fact, through IC activation of FcγRIII ( Figure 3D ). Similar results were found with mice injected with α-OVA or α-OVA depl 24 hours prior to an i.t. instillation of OVA. Six hours after the OVA instillation, only the mice that had received α-OVA had a significant increase in IL-33 expression in both AMs and rDCs, with minimal expression of IL-33 in mice that received α-OVA depl (Supplemental Figure 2B) . Thus, these results demonstrate that the Th2 inflammation-inducing stimuli, FcγRIII plus TLR signaling, can induce IL-33 expression in pulmonary APCs.
CD103 -CD11b hi lung DCs preferentially take up ICs and upregulate IL- 33 . Augmentation of T cell responses has been shown to require lung DC migration to the dLNs for antigen presentation (3). data in A, B, D , and G are from 3 independent experiments. Symbols represent independent experiments, horizontal bars indicate the mean, and error bars indicate SEM (*P < 0.05; **P < 0.01; ***P < 0.001). C, E, and F show representative flow plots, with at least 6 mice analyzed per group.
Two migratory DC populations have been identified in the lungs: CD103 + CD11b lo (CD103 + ; CD11c + SSC lo MHC II -/+ CD103 + CD11b -) and CD103 -CD11b hi (CD11b + ; CD11c + SSC lo MHC II -/+ CD103 -CD11b + ) (28) . Both CD103 + and CD11b + rDCs were shown to express FcγRIII ( Figure 3E ). To identify which DC subset was taking up ICs, we challenged mice i.t. with OVA-allophycocyanin (OVA-APC) or OVA-APC immune complex (OVA-APC IC) and harvested the lungs 3 hours later. Unlike in other studies that use a higher concentration of OVA and begin analysis at a later time point after airway instillation (29, 30), we did not note a significant uptake of OVA-APC in either rDC subset ( Figure 3F ). However, the CD11b + population demonstrated a higher ability to take up OVA-APC IC compared with the CD103 + population, which took up a small amount of OVA-APC IC (Figure 3F ). After sorting 3 hours after i.t. instillation with OVA-IC, the CD11b + population was identified as preferentially upregulating IL-33 expression ( Figure 3G ).
Within the CD11c + CD11b + rDC population, two populations of cells can be differentiated in the lungs following an inflammatory stimuli: a monocyte-derived DC (Ly6C + ) population that is recruited to the lungs and a resident rDC (Ly6C -) population (28, 31) . Using these markers, studies show that these two DC populations have different migratory properties, and only the CD11b + Ly6C -rDCs express CCR7 and migrate to the dLNs (32, 33) . Using OVA-APC, it was determined that both CD11b + Ly6C + (CD11c + SSC lo MHC II -/+ CD103 -CD11b + Ly6C + ) and CD11b + Ly6C -(CD11c + SSC lo MHC II -/+ CD103 -CD11b + Ly6C -) DCs in the lungs took up OVA-IC APC (Supplemental Figure 3A) . The results from Lung cells from α-OVA-treated WT and St2 -/-mice were restimulated in vitro with 2C11, and the amount of cytokines in culture supernatants was determined by Multiplex bead array. The data are combined from 2 independent experiments, with a total of at least 6 mice analyzed per group. Symbols represent individual mice, horizontal bars indicate the mean, and error bars indicate SEM (*P < 0.05; **P < 0.01; ***P < 0.001).
these experiments indicate that early on ICs are primarily taken up by the CD11b + rDC subset, including both Ly6C + and Ly6C -, and may act in both the lungs and dLNs.
IC-mediated Th2 inflammation is dependent on the IL-33/ST2 pathway. Previous studies have highlighted that IL-33 signaling induces
Th2 cytokine production both in vitro and in vivo (34) . Thus, upregulation of IL-33 in pulmonary APCs following activation by ICs could contribute to the pathogenesis of Th2 inflammation in the lungs. To investigate whether the IL-33 pathway was important in this process, the passive transfer model, outlined in Figure 1B , was carried out in mice deficient for the IL-33 receptor (St2 -/-mice). The WT mice used in this experiment were either C57BL/6 or St2 +/+ mice, and there was no significant difference between them. We confirmed that the St2 -/-mice had equivalent numbers and percentages of AMs and rDCs compared to WT mice and that there was no defect in upregulating IL-33 expression in the presence of OVA-IC; this finding was further validated in the St2 -/-BMDCs (data not shown). The St2 -/-mice that received α-OVA had a significant decrease in eosinophils and CD4 + T cells compared with the WT mice and had less inflammation, as measured by histology (Figure 4, A-C) . Furthermore, cytokine analysis of restimulated lung T cells demonstrated a significant decrease in IL-4, IL-5, and IL-13 in the α-OVA-treated St2 -/-mice compared with that in the WT mice ( Figure 4D ). There was no significant difference in IFN-γ or IL-17 levels. The loss of eosinophilia and decreased histological inflammation was further confirmed using the local instillation model outlined in Supplemental Figure 1A (data not shown).
To ascertain whether IL-33 from DCs alone was sufficient to generate a Th2 response, WT and Il33 -/-BMDCs were treated with OVA-IC overnight before instilling them into naive recipients. A week after sensitization, the mice were challenged i.t. with OVA on 3 consecutive days. The mice that received Il33 -/-
Figure 5
IL-33 from IC-stimulated DCs is sufficient for the development of a Th2 response. (A) WT and Il33 -/-BMDCs were generated and treated overnight with OVA-IC before being instilled i.t. into naive mice. On days 7, 8, and 9, the mice were challenged i.t. with OVA, before being sacrificed on day 11. Airway inflammation was assessed by determining the number of eosinophils and CD4 + T cells in the BAL and (B) by representative H&E-stained sections of lung tissue from mice that had received WT or Il33 −/− BMDCs. Scale bars: 100 μm. The data are combined from 2 independent experiments, with a total of 8 mice analyzed per group. Symbols represent individual mice, horizontal bars indicate the mean, and error bars indicate SEM (*P < 0.05; ***P < 0.001).
Figure 6
T cells are sufficient for the restoration of IC-mediated Th2 inflammation in St2 -/-mice. (A) Vehicle control or nylon wool nonadherent OTII cells were adoptively transferred into naive WT or St2 -/-mice. The mice were treated as outlined in Figure 1B . Airway inflammation was assessed by determining the number of eosinophils and CD4 + T cells in the BAL and (B) by representative H&E-stained sections of lung tissue from treated mice. Scale bars: 100 μm. The data are combined from at least 2 independent experiments, with a total of at least 6 mice analyzed per group. Symbols represent individual mice, horizontal bars indicate the mean, and error bars indicate SEM (**P < 0.01).
BMDCs had reduced numbers of eosinophils and CD4 + T cells in the BAL compared with the mice that received WT BMDCs, as well as decreased inflammation as shown by histology ( Figure  5 ). Collectively, these findings indicate that the ST2/IL-33 pathway plays a critical role in the development of IC-mediated Th2 airway inflammation and that when DCs are directly stimulated with OVA-IC, IL-33 production from DCs is sufficient to lead to development of a Th2 response.
T cells are sufficient to facilitate development of IC-mediated Th2 inflammation. Since IC-mediated Th2 inflammation is T cell dependent (Figure 2) , we tested whether WT T cells could restore an inflammatory response in the St2 -/-mice. OVA-specific TCR transgenic T cells from the OTII mouse strain were transferred into WT or St2 -/-mice. Both groups that received OTII cells had augmented numbers of eosinophils and CD4 + T cells in the BAL compared with the St2 -/-control mice, as well as increased inflammation as noted by histology ( Figure 6, A and B ). These data demonstrate that adoptive transfer of WT antigen-specific cells can restore allergic airway inflammation in St2 -/-mice and are sufficient for IC-mediated Th2 inflammation.
Discussion
The focus of this study was to clarify the role of allergen-specific IgG during secondary responses in allergic airway inflammation. The results demonstrated that IC-mediated Th2 inflammation was dependent on FcγRIII and TLR4, and we found a novel downstream target of FcγRIII signaling on APCs, IL-33. Interestingly, we determined that this response required T cells and found that ILC2 expansion occurred only in the presence of T cells. Our study strengthens the link between the adaptive and innate immune response, and it demonstrates a role for allergen-specific IgG in potentiating the expansion of secondary T cell-mediated allergic inflammation. We propose a model in which allergen-specific IgG forms ICs upon secondary exposure that can then activate FcγRIII on APCs and upregulate IL-33. Once the IL-33 is released, it can act on neighboring resident lung cells, including T cells and ILC2s, to drive development of allergic airway inflammation. Additionally, IL-33 from migratory CD11b + Ly6C -rDCs could enhance the expansion of Th2 cells in the dLNs. Thus, allergen-specific IgG may contribute to the heightened allergic response through multiple mechanisms.
This model could be particularly relevant when considering protein allergens, which are simpler than complex allergens (e.g., house dust mite, pollen, fungi, mold, and others). It is thought that complex allergens may injure the lung epithelium and promote primary sensitization through a variety of components that contribute to their allergenicity: cysteine proteases, serine proteases, MD2 mimic, pattern-associated molecular patterns, chitinase, and others (35) (36) (37) . However, many allergens are simple protein allergens lacking enzymatic activity, including animal proteins, seed proteins, flour, latex, OVA, and others (38) . With protein allergens, generation of allergen-specific IgG and subsequent IC formation during secondary responses may be necessary for continued development of allergic airway inflammation.
Our model tests the hypothesis that, during secondary Th2 responses, ICs form that positively augment the overall inflammatory response. To test this directly, we developed models in which the role of ICs could be tested in the absence of previously activated/memory T cell and B cell responses. The presence of allergen-specific IgG in the airways and IC formation during antigen administration recreates the physiological events seen in allergic asthma; however, the direct downstream mechanisms of IC stimulation may have global effects that function in the absence of memory T cell response. First, our findings demonstrate de novo Th2 responses after IC formation in the absence of preexisting memory T or B cells. Thus, even in the sensitization phase of the immune response, the expression of IL-33 from APCs may augment the expansion of newly differentiated Th2 cells. Second, sensitization to protein allergens is likely to be more complicated in humans than in mouse models. In mouse models, there are discrete sensitization phases and challenge phases by design. Use of adjuvants or other methodologies can induce Th2-type immunity specifically. How and why some humans are "sensitized" to allergens, while other exposed individuals do not becomes sensitized, remains one of the unanswered mysteries of asthma and allergy research. Individuals can be exposed to allergens for years prior to developing allergic responses, and they can develop IgG responses prior to developing allergic airway inflammation (38) . Whether the presence of allergen-specific IgG in the airways plays a part in the development of allergy will require more investigations in the future.
Notably, our results demonstrated that IC-mediated Th2 inflammation was dependent on TLR4. Inhaled allergens are often contaminated with endotoxins, and our results suggest that allergen-specific IgG-ICs are needed to play a "costimulatory" role during secondary responses to modify the response of innate lymphoid cells and augment Th2 responses in the lungs (39) . Our findings are supported by biochemical studies that have found a physical interaction between TLR4 and FcγRIII on macrophages following treatment with IgG-ICs (40). Thus, individuals who are not sensitized to an allergen and lack circulating allergen-specific IgG would fail to mount a Th2 response to inhaled allergens, because they would be lacking a signal through FcγRIII.
The downstream effects of FcγRIII signaling on DCs that contribute to the development of Th2 inflammation had not been previously identified. In our study, antigen uptake mediated by ICs via FcγRIII signaling on DCs both in vitro and in vivo led to a significant upregulation of IL-33. Due to its pro-Th2 effects, there has been a great deal of interest in understanding how IL-33 contributes to atopic asthma. Studies in murine asthma models and asthmatic patients have identified elevated levels of IL-33 protein in both the sera and tissues (41, 42) . In humans, increased levels of IL-33 can be detected in the airway smooth muscle cells and lung epithelia of individuals with asthma (41, 43) . Furthermore, several groups have used mouse models of asthma to demonstrate that in the absence of IL-33 there is reduced airway hyperresponsiveness, and overexpression of IL-33 in transgenic mice leads to increased airway inflammation, goblet cell hyperplasia, and eosinophilia (44, 45) . A role for IL-33 in the pathogenesis of asthma in humans is further supported by 2 recent meta-analyses of North American and European genome-wide-associated studies in which asthma-susceptibility loci were identified in the regions for IL1RL1 (also known as ST2) and IL33 (46, 47) . The importance and relevance of these susceptibility genes will rely on understanding their effects in individuals with the disease. In particular, our findings point to a potentially critical role for APCs in secondary responses to allergens. IL-33 may be the initiating signal that escalates the ongoing Th2-associated inflammatory response that occurs during antigen reexposure.
Although a correlation has been found between IL-33 and Th2 responses, it is not yet clear how IL-33 affects the development of Th2-type inflammation. How IL-33 enhances development of a Th2 response, including effects on DC activation, Th2 differentia-tion, Th2 expansion, and ILC2 activation, is an active area of study (24, 48, 49) . Interestingly, while several studies have proposed that IL-33 works primarily on ILC2s, our findings suggest that while T cells are required for IC-induced inflammation, ILC2s are dispensable (44, 50) . There is a small population of Lin -Sca-1 + ICOS + ST2 + cells in the nylon wool nonadherent T cell preparations, but we did not note a significant increase in ILC2s in our Rag -/-Il2rg -/-experiments. The results suggest that IC-mediated Th2-type inflammation is not ILC2 dependent; however, it is still possible that when present ILC2s are contributing to the inflammatory response. Indeed, the increase in the number of ILC2s when T cells were transferred into Rag -/-mice suggests crosstalk between both the innate and adaptive arms of the immune system. Thus, it remains to be determined how these cells may interact with each other to promote allergic airway inflammation in asthmatics.
While it has been shown that there are multiple ways IL-33 can affect the environmental milieu, the release of IL-33 from cells is still a matter of controversy. Initial studies were unable to detect IL-33, unless the cells were induced to die by necrosis, suggesting that IL-33 was an intracellular protein that acted as an alarmin (51) . Recently though, it has been shown that murine fibroblasts can release IL-33 during biomechanical overload (52) . Our data demonstrating a reduction in airway inflammation in St2 -/-mice suggest that IC-activated AMs and rDCs release IL-33 to act on other cells; these IL-33-responsive cells may then increase production of Th2 cytokines, thereby heightening the Th2 response. This hypothesis is supported by our finding that transferring WT antigen-specific T cells into St2 -/-mice restored IC-mediated Th2 inflammation.
Since there are various rDC subsets in the lung, it was important to identify which ones were taking up ICs and increasing IL-33 expression. In our studies, we did not see either rDC subset taking up OVA; however, it has been shown in other studies using a higher concentration of OVA and looking at a later time point that OVA can be taken up by both CD103 + and CD11b + rDCs (29, 30) . Thus, it is possible that the rDCs continue to take up antigen past the early time point that was analyzed in this study. Our results do demonstrate that the CD11b + rDCs have a higher ability to take up ICs and upregulate IL-33 in the lungs soon after challenge. It has been demonstrated that CD11b + rDCs are primarily involved in CD4 + T cell proliferation (53) . In addition, studies that depleted rDCs at the time of allergen challenge saw an abrogation in allergic characteristics, but this defect was restored with an i.t. administration of CD11b + BMDCs (54) . It was further shown that both the Ly6C + and Ly6C -subsets of CD11b + rDCs took up ICs. It has been suggested that CD11b + Ly6C -cells are resident rDCs and CD11b + Ly6C + cells are monocyte-derived DCs recruited to the lungs (28, 31, 55, 56) . Previous studies have shown that only CD11b + Ly6C -rDCs can express CCR7 and migrate to the dLN (32, 33) . These findings are of particular interest considering that IC-mediated inflammation is T cell dependent. Thus, IC-activated CD11b + Ly6C -rDCs could deliver IL-33 to the dLN, in which it would be available for enhancing Th2 function. These data suggest that DCs may be playing a role in both the lungs and the dLN to promote IC-mediated Th2 inflammation.
In addition, our study may be relevant in the context of an effective immune response against intestinal helminth infections. Control and expulsion of a helminth infection is predominantly associated with a Th2-type immune response, marked by increased numbers of eosinophils as well as enhanced IgE and IgG responses (57, 58) .
μMT mice are more susceptible to helminth infections, suggesting a critical role for the humoral response in this setting (59, 60) . Furthermore, several studies have shown that passive transfer of helminth-specific IgG aids in the rapid expulsion of a helminth infection (61, 62) . More recently, it has been shown that IL-33 is a potent inducer of adaptive immune responses against helminths (63) . Our findings support a role for IL-33 in the chronic stage of a helminth infection, whereby circulating helminth-specific ICs activate APCs to upregulate IL-33 and help drive the Th2 response.
In addition to asthma, IL-33 has been implicated in a variety of human diseases, including cardiovascular disease, central nervous system disease, rheumatoid arthritis, inflammatory bowel disease, and others (23) . Interestingly, IgG-ICs have been shown to contribute to the pathogenesis of rheumatoid arthritis and inflammatory bowel disease, which are both associated with elevated levels of IL-33 in the sera and tissues (64) (65) (66) (67) (68) . While our findings contribute to the understanding of how IL-33 affects Th2-mediated diseases, it is not clear how IL-33 may function in these Th17-mediated diseases. IL-33 has been shown to cause a wide range of effects, including neutrophil migration, mast cell activation, osteoclast and osteoblast function, wound healing, and others (69) (70) (71) . Thus, the ability of IL-33 to affect disease pathogenesis through a multitude of mechanisms has made it an intriguing area of investigation in which a great deal still remains unknown.
Methods
Mice. Female 6-to 8-week-old C57BL/6 mice (WT) were purchased from Harlan Laboratories. Fcgr3 -/-, Tlr4 -/-, Rag1 -/-, and OTII mice were purchased from The Jackson Laboratory. St2 -/-mice were generously provided by Andrew McKenzie (Medical Research Laboratory, University of Cambridge, Cambridge, United Kingdom) and generated as previously described (72) . Il33 -/-mice were provided to P.J. Bryce by Dirk Smith (Amgen). Rag -/-Il2rg -/-mice were purchased from Taconic. Animals were housed in a specific pathogen-free facility maintained by the University of Chicago Animal Resources Center. The studies detailed herein conform to the principles set forth by the Animal Welfare Act and the National Institutes of Health guidelines for the care and use of animals in biomedical research.
Production and stimulation of BMDCs. BMDCs were generated as previously described (73) . Briefly, bone marrow was flushed from the femurs of mice. The cells were cultured in 10% complete DMEM in bacteriological Petri dishes at a concentration of 2 × 10 5 cells/ml. The cultures were supplemented with 20 ng/ml GM-CSF (Shenandoah Biotechnology) and replenished on day 3. On day 6, the suspension cells were harvested. For stimulation, 5 × 10 5 BMDCs were cultured in 24-well plates with OVA or OVA-IC at a concentration of 100 μg/ml.
Reagents. Grade V chicken egg OVA (Sigma-Aldrich) and rabbit antichicken egg OVA IgG (080M4812, Sigma-Aldrich) were used in murine experiments. OVA-APC (Invitrogen) was used for antigen uptake experiments. OVA-ICs were made by mixing a 4:1 excess of anti-OVA/OVA at 37°C for 30 minutes. To control for nonspecific effects from the antisera, IgG was depleted overnight with protein G-agarose beads (Thermo Scientific). OVA-specific mouse serum was made by immunizing mice twice with 100 μg OVA and 4 mg alum; the mice were bled a week after the last injection.
Induction and assessment of airway inflammation. Mice were sensitized and challenged as described in Figure 1B (passive transfer) and Supplemental Figure 1A (local instillation). For Figure 5 , mice were sensitized by instilling 1 × 10 6 treated BMDCs i.t. into naive mice. On days 7, 8, and 9, the mice were challenged with 50 μg OVA i.t., and they were sacrificed on day 11. BAL was performed by delivering 0.8 ml sterile PBS into the airway and gently aspirating the fluid. The lavage was repeated 3 times to recover a total volume of approximately 3 ml. The cells were stained with trypan blue to determine viability, and total nucleated cell counts were obtained using a hemocytometer (Bright-Line).
IgG1 ELISA. Nunc-Immuno MaxiSorp surface plates (NUNC Brand Products) were coated with 100 μg/ml OVA in carbonate buffer. Antigen-specific IgG1 was detected with a secondary isotype-specific biotinylated antibody (A85-1, BD Biosciences) .
Isolation of lung cells and dLN cells. Lungs were made into single cell suspensions as previously described (18) . Briefly, the lungs were perfused with 25 U/ml heparin (Sigma-Aldrich) and minced with scissors. Dissociation of the tissue was achieved by agitating the tissue for 30 minutes at 37°C in 10 ml of 5% complete DMEM with 150 U/ml collagenase I (Invitrogen). The digest was passed through a nytex filter, and red blood cells were lysed with ammonium chloride-potassium lysing buffer. dLNs were digested for 30 minutes at 37°C in 10 ml of 5% complete DMEM with 100 U/ml collagenase I (Invitrogen). The digest was then passed through a nytex filter, after which the single cell suspension was stained for flow cytometry.
Nylon wool nonadherent T cell enrichment. Inguinal, brachial, cervical, and mesenteric lymph nodes were isolated from mice and made into single cell suspensions by disrupting the tissue and passing the digest through a nytex filter. Autoclaved nylon wool columns (Polysciences Inc.) were equilibrated by washing with 5% FCS in PBS and incubated for 30 minutes at 37°C. Cell suspensions were resuspended in warm DMEM at a concentration of 1.0 × 10 8 cells/ml, loaded onto the column, and incubated for an hour at 37°C. Nonadherent cells were eluted with 5% FCS in PBS. For the adoptive transfer experiment in Figure 2C Histology. The right middle lobe was removed from the mice after BAL and fixed by immersion into 10% formalin. Lobes were embedded in paraffin, sectioned sagittally, cut into 5-μm sections, and stained with H&E for analysis of cellular infiltrates. An inflammation score was assigned in a blinded fashion as described previously (18) .
Flow cytometric analysis. For FACs analysis, 5 × 10 5 cells were resuspended in 100 μl of FACs buffer (PBS containing 0.1% sodium azide and 1% BSA). They were then blocked with 20 μl of anti-CD16/32 (antibody supernatant was produced in house from 2.4G2 hybridoma obtained from ATCC) and stained with fluorescently conjugated antibodies specific for CCR3 (83101) and ST2 (245707) (both from R&D Systems); CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7), CD11b (M1/70), CD11c (N418), CD19 (MB19-1), F4/80 (BM8), ICOS (C398.4A), and Ly6C (HK1.4) (all from eBiosciences); B220 (RA3-6B2), Gr1 (1A8), and CD103 (M290) (all from BD Pharmingen); or FcεRI (MAR-1), I-A/I-E (M5/114.15.2), NK1.1 (PK136), Sca-1 (E13-161.7), and Ter119 (TER-119) (all from Biolegend). Eosinophils in both the BAL and lung were identified as SSC hi CCR3 + Gr1 -, while CD4 + T cells were gated as SSC lo CD3 + CD4 + CD8 -. For detection of AMs and rDCs, the cells were first gated on CD11c + cells. AMs were separated based on high side scatter, as demonstrated in Supplemental Figure 4 , and then the rDCs were further divided into CD103 + and CD11b + subpopulations as described above. For detection of ILC2s, the cells were gated on Lin -(B220, CD3, CD4, CD8, CD11b, CD11c, CD19, F4/80, FcεRI, Gr1, NK1.1, and Ter119) cells. These cells were then gated for positive expression of Sca-1, ST2, and ICOS, as shown in Supplemental Figure  5 . Flow cytometric analysis was performed on an LSRFortessa or LSRII
